Reverse transcription-quantitative polymerase chain reaction is a powerful technique to quantitatively assess miRNA expression profile, but reliable results depend on proper data normalization by suitable reference genes. Despite the increasing number of studies assessing miRNAs in cardiac disease, no consensus on the best reference genes has been reached. This work aims to assess reference genes stability in human cardiac tissue with a focus on AF investigation. We evaluated the stability of five reference genes (U6, SNORD48, SNORD44, miR-16, and 5S) in atrial tissue samples from eighteen cardiac-surgery patients in sinus rhythm and AF. Stability was quantified by combining BestKeeper, delta-C q , GeNorm, and NormFinder statistical tools. All methods assessed SNORD48 as the best and U6 as the worst reference gene. Applications of different normalization strategies significantly impacted miRNA expression profiles in the study population. Our results point out the necessity of a consensus on data normalization in AF studies to avoid the emergence of divergent biological conclusions.
MicroRNAs (miRNAs) are small (approximately 22 base pairs), single stranded, non-coding RNA molecules that finely regulate gene expression at the post-transcriptional level. miRNAs are involved in a variety of physiological and pathophysiological processes, which range from cell development and differentiation to apoptosis and oncogenesis 1 . Compelling evidence supports the role of miRNAs in normal cardiac development and in cardiac disease. Distinctive miRNAs signatures have been associated with heart failure, cardiac hypertrophy, and myocardial infarction [2] [3] [4] . More recently attention has been posed on the role of miRNAs as molecular determinants of atrial fibrillation (AF). AF is the most common sustained cardiac arrhythmia in the clinical practice, with 33.5 millions of people affected in 2010 and about 5 millions of new cases each year 5 . AF is associated with pronounced cardiovascular morbidity and mortality, mostly due to an increased risk of stroke. AF is a multi-factorial disease, supported by altered electrophysiological and structural factors 6 . A growing body of works suggests miRNAs to act as potential mediators in the electrophysiological and structural remodeling of the atria maintaining AF [7] [8] [9] . The regulatory function of miRNAs in cardiac disease and AF supports their utilization as prognostic and predictive biomarkers as well as therapeutic targets. This requires, however, a reliable and quantitative assessment of miRNA expression. Although different methodologies can be applied to evaluate miRNA expression, reverse transcription-quantitative polymerase chain reaction (RT-qPCR) remains the gold-standard for a specific detection of selected sets of miRNAs 10, 11 . Normalization of expression levels is a crucial step to ensure accurate and suitable quantification of PCR data normalize miRNA expression 12 . Ideal reference genes should show no (or minimal) expression variation in the tissue or cells under investigation, or in response to experimental treatment/disease condition. Since no normalization standard has been proven to be ideal yet, it is essential to verify the expression stability of putative normalizers in each experimental setup, and in relation to the specific tissue, species, and disease under investigation. Despite the growing number of studies investigating miRNA expression in human AF [7] [8] [9] , at present no consensus exists on the reference genes for human atrial tissue samples. This may limit study comparison and, most importantly, lead to ambiguous data interpretation and misleading biological conclusions.
This study aimed to quantitatively assess the performance of five reference genes of different RNA classes (5S ribosomal RNA (rRNA), hsa-miR-16-5p, U6 small nuclear RNA (snRNA), SNORD44 and SNORD48 small nucleolar RNAs (snoRNAs)), previously adopted for miRNA normalization in the cardiac tissue ( Table 1 ). The stability of reference genes was assessed on human atrial tissue samples from cardiac surgery patients in normal sinus rhythm (SR) and AF. Indeed cardiac surgery constitutes the most common experimental set-up for the study of miRNA regulation in human AF. Performance was quantified by combining multiple gold-standard statistical tools (BestKeeper 15 , GeNorm 16 , NormFinder 17 and the comparative delta-C q method 18 ), which assess different aspects involved in the concept of gene "stability" 13 . Finally, the impact of adopting different normalization strategies was demonstrated in the exemplifying case of the quantification of miR-499a-5p expression in the study population.
Results
RNA quantity and integrity. Quantity and integrity data of the total RNA among atrial tissue samples are reported in Supplementary Table S1 . The extracted amount of total RNA varied among samples with a median concentration of 117.3 ng/μl (interquartile range (IQR): 91.4-246.2 ng/μl). Integrity was adequate for the analysis in all the samples, with a median value of 7.85 (IQR: 7.0-8.2).
Reference gene stability. Best Keeper. The distributions of the qPCR quantification cycle (C q ) values of the five reference genes over the whole sample set are shown in Fig. 1 , while the descriptive statistics given by BestKeeper are reported in Table 2 . Reference genes showed different expression values and variability levels. 5S showed the largest expression (mean C q = 18.97), while SNORD44 was the least expressed (mean C q = 26.77). In terms of variability, miR-16 and SNORD48 displayed the lowest standard deviation (SD) values of 0.70 and 0.72, respectively. Conversely, 5S and U6 showed variability levels beyond the limit of acceptance for reliable normalizers (>1). Correlation analysis was performed between each pair of reference genes and between each reference gene and the BestKeeper Index (BKI). In particular, BKI (5) was calculated including all reference genes, while BKI (3) was obtained excluding the two genes with unacceptable variability (U6 and 5S). The analysis, shown in Table 2 and in Supplementary Table S2 , pointed out the existence of significant correlations for SNORD48, SNORD44 and 5S when compared to one another, and for U6 when compared to 5S, while miR-16 did not 44 Cooley N et al. 28 Adam O et al. 45 Villar AV et al. 46 García R et al. 47 Song CL et al. 48 Liu H et al. 32 Dong S et al. GeNorm. The analysis of gene stability performed by GeNorm is reported in Fig. 2a . The procedure of step-wise exclusion of the candidate genes indicated U6 as the worst reference gene (M-value = 1.67), and identified SNORD48 and SNORD44 as the most stable pair of genes (M-value = 0.64). Pairwise variation analysis showed no combination of N > 2 candidate genes leading to a decrease in variation <0.15. The GeNorm manual suggests the use of minimum the three most stable reference genes in such situations.
Comparative delta-C q method. Similarly to GeNorm, the comparative delta-C q method (Fig. 2b ) indicated U6 and miR-16 as the least stable genes, since they displayed the highest average SD of C q differences for pairwise comparisons (2.00 and 1.88, respectively). The most stable genes were SNORD48 and SNORD44 with average SD of 1.37 and 1.45, respectively.
NormFinder. The stability analysis performed by NormFinder is displayed in Fig. 2c in terms of stability index ρ (upper panel) and inter-group (box) and intra-group (whiskers) variations (lower panel). The worst overall performance was shown by U6 (ρ = 0.54), which displayed large values of both inter-group (−0.37) and intra-group variability (1.12). Overall performance was low also for 5S and miR-16 (ρ = 0.42 and 0.46), mainly due to high intra-group variability values (0.67 and 1.36). Best overall performance was observed for SNORD48 (ρ = 0.34), which displayed intermediate inter-group variation (0.25) and the smallest intra-group variability (0.06). The average stability index ρ A , calculated for each pair of reference genes, showed that stability could be improved by using combination of reference genes with intergroup variability of opposite sign. In particular, combination of either of SNORD48 and SNORD44 with U6 led to an average stability index of ρ A = 0.27, while combination with 5S led to a stability index of ρ A = 0.29.
The comprehensive ranking of gene stability obtained by combining the four analyses ( Fig. 3 and Table 3 ) assessed SNORD48 as the most stable gene (best performance according to all analyses), followed by SNORD44, 5S, and miR-16. U6 was the least stable gene, displaying the worst performance according to all analyses.
Impact of normalization strategy on miR-499a-5p profiling. The effects of normalization strategy on target miRNA profiles were evaluated in the exemplifying case of miR-499a-5p. The expression levels in AF versus SR groups were computed using either the best (SNORD48) and worst (U6) normalizer. Results in Fig. 4 show that miR-499a-5p expression levels in the two groups were strongly affected by the normalization process. When normalizing to SNORD48, a significant (p < 0.05) overexpression of miR-499a-5p was observed in the AF versus SR group (left panel). Conversely, normalization by U6 led to an increased variability of expression and the loss of any subgroup expression difference (right panel).
Discussion
This study assessed for the first time the stability properties of putative normalizers for miRNA expression profiling in human atrial tissue, with focus on the study of AF. By a multi-technique quantitative approach we demonstrated the poor performance of widely-used normalizers, such as U6, in this specific experimental context, and suggested a potential suitable alternative in the small nucleolar RNA SNORD48. The application of different normalization strategies in the exemplary case of miR-499a-5p assessment pointed out the criticality of the choice of reference genes to obtain reliable information on miRNA deregulation in AF.
The advent of RT-qPCR and qPCR has opened the possibility of a quantitative assessment of miRNA expression profiles. The higher sensitivity of the technique has fixed higher standard for reference gene variability, which Table 2 . BestKeeper descriptive statistics and correlation analysis of the five reference genes. Ar = arithmetic; BKI = BestKeeper Index, calculated over all reference genes (N = 5) or excluding the two genes with the highest variability (N = 3); C q = qPCR quantification cycle; CV = coefficient of variation; geo = geometric; Min = minimal value; Max = maximal value; r = Pearson's linear correlation coefficient; SD = standard deviation.
should have prompted a re-evaluation of previously used normalization strategies. A large number of studies have been carried out concerning the validation of reference genes in different tissue and cell types [19] [20] [21] [22] [23] [24] . Nonetheless, studies on the best normalization strategy in cardiac tissue remain sparse [25] [26] [27] , and, to the best of our knowledge, no previous study has been performed to identify appropriate reference genes in the human atrial tissue for the study of AF. The lack of a general consensus on the best normalization strategy in this context has significant impact, considering the large increase in the number of studies analyzing the relationship between miRNA and AF in the last five years [7] [8] [9] . A variety of normalization strategies has been applied in different studies, which however were not validated in the specific experimental context of application 28, 29 . The absence of a common normalization approach and the use of unvalidated reference genes may not only hinder the comparison of results in different studies, but also call into question the reliability and biological meaning of these results. The present study addressed the issue of miRNA normalization in the atrial tissue of SR and AF patients by an empirical and quantitative approach. We evaluated the performance of a set of five reference genes of different RNA classes (small nuclear/nucleolar RNAs, ribosomal RNA and miRNA), which have been widely used in different contexts, including AF. Since we focused on miRNA normalization, messenger RNA (mRNA) reference genes, such as GAPDH, were excluded from our set of reference genes. Indeed, being much bigger in size than miRNAs, mRNAs might differ from miRNAs in terms of stability, efficiency of extraction, reverse transcription and PCR amplification. The quantitative evaluation of reference genes was based on the combination of four complementary statistical approaches, which are currently considered the gold standard for the selection of appropriate reference genes for normalization in gene expression experiments involving qPCR 13 . The multi-technique evaluation of reference genes allowed us to take into account different aspects related to the concept of gene stability, such as overall variability, similarity and correlation of expression patterns, inter/intra-group variability. Table 3 . Overall stability of candidate reference genes according to the four evaluation algorithms. Genes are ordered according to the comprehensive ranking given by the geometric mean of the rankings obtained by the four analyses. BKI = BestKeeper Index, calculated excluding the two genes with the highest variability (N = 3); C q = qPCR quantification cycle; SD(ΔC q ) = average standard deviation of C q differences; NA = not assigned; r = Pearson's linear correlation coefficient; SD = standard deviation. Previous studies showed that statistical approaches, based on different definitions of stability, may sometimes lead to different ranking of reference genes 30 . Thus an overall evaluation of the performance by combined measures is desirable 31 . On the other hand, the fact that in our analysis four independent algorithms agreed in ranking the most and least stable reference genes adds a level of consistency to the obtained results.
The multi-technique approach provided the following ranking of the candidate reference genes, from the most to the least stable: SNORD48, SNORD44, 5S, miR-16, U6. Small nuclear/nucleolar RNAs, such as U6, SNORD44 and SNORD48, have been commonly used for miRNA normalization, thanks to their RNA stability and abundant expression. Nonetheless, in contrast with its frequent use as normalizer in different contexts, including the study of AF 28, 32 , our validation methods consistently ranked U6 as the worst reference gene of the set. Indeed it displayed the highest variability across the entire population compared to the other transcripts, the highest M-value and intergroup variability, suggesting its unsuitability as reference gene in human AF. Instability of U6 has been previously reported in samples from hepatic and liver tissues 20 , renal cell carcinomas 23 , endometrial 22 and prostate 24 cancer tissues. In addition, a disease-specific dysregulation of U6 has been suggested by Benz et al. 33 . They observed a high variability of U6 expression in the serum of healthy volunteers, intensive care unit and liver fibrosis patients, and a significant correlation of U6 with established inflammation markers 33 . Since an inflammation state may be linked to cardiac valve disease leading to cardiac surgery 34 , U6 deregulation with inflammation might partially explain the bad performance of the reference gene in atrial samples from a cardiac-surgery setting. In contrast with these negative results, U6 was assessed among the most stable control genes in the rat heart 26 . Differences in stability may be related to differences in species and experimental setting and/or to pathology-specific effects. This points out the inappropriateness of simply transposing reference genes from study to study and the necessity of an empirical case-by-case validation.
Differently from U6, the two nucleolar RNAs, SNORD44 and SNORD48, displayed the best performance of all candidate genes, ranking second and first, respectively. In particular, SNORD48 showed expression levels higher than SNORD44, low overall variability of expression and intra-group variation, and high correlation and similarity of expression with the other reference genes. These features resulted in the best scores according to all algorithms. Consistently with our results, SNORD48, SNORD75 and SNORD44 were scored among the most stably and equivalently expressed reference genes in tissue samples of endometroid endometrial carcinoma patients and normal samples, displaying better performance than miR-16 and U6 22 . In addition, SNORD48 resulted the most stably expressed reference gene in a large set of forensically relevant organ tissues 19 , as well as in renal cell carcinoma 23 . Our study revealed intermediate performance of the ribosomal RNA 5S and of miR-16. Consistently with its structural role in the large ribosomal subunit, 5S displayed the highest expression levels of all candidate genes. Expression levels significantly larger than target RNAs may raise concerns on the use of 5S as a normalizer, since it may be complex to quantify the ribosomal RNA and a rare target in the same RNA dilution. In addition we observed a large variability in the overall expression of 5S, which may further reduce its performance as normalizer. Conversely, the use of miRNAs, such as miR-16, as reference genes in miRNA normalization may be supported, since being of the same RNA class, they should have similar efficiency in extraction, reverse transcription and PCR amplification. In our analysis miR-16 presented low overall variability and inter-group variability, but its overall performance was degraded by a high intra-group variation and expression patterns dissimilar from the other reference genes. The low correlation and dissimilarity in expression may be partially explained by its different RNA class and potentially different efficiency properties. Low performance of miR-16 as normalizer was reported in prostate carcinomas 24 . In addition miR-16 appeared deregulated by different cancer types 22, 24, 35 and in myelodysplastic syndrome 36 . The marked differences in performance of the tested normalization strategies had a significant impact on miRNAs profiling in AF, hindering biological implications. In the representative example of miR-499a-5p, we showed that normalization by the best reference gene pointed out differences in the expression levels between AF and SR patients, which were lost by applying the wrong normalization strategy. The observed difference in expression is in agreement with previous results in human atrial tissues from cardiac surgery patients, where miR-499a-5p resulted significantly upregulated in AF 37 . In particular, the study showed that miR-499a-5p overexpression led to a downregulation of the protein expression of the small-conductance calcium-activated potassium channel 3, which may potentially contribute to AF electrical remodeling 37 . Interestingly, in ref. 37 miRNA expression was normalized to GAPDH messenger RNA from the same preparation. The observation of similar expression profiles in presence of different normalization strategies may add further consistency to our results.
Limitations.
C q values were estimated in each patient from a single tissue sample. Thus the observed variability may be related not only to the population, but also to the tissue sampling step (see Supplementary Analysis of Variability and Fig. 1S ). When allowed by the clinical setting, evaluation of miRNA expression from human cardiac tissue should be performed from multiple samples in each individual to reduce overall variability 38 . As well, normalization performance may be improved by using SNORD48 in combination with other reference genes 16 , but optimal reference gene combination needs further investigation.
Conclusion
This study pointed out the unreliable performance of reference gene U6 in AF studies involving human atrial tissue samples from cardiac surgery settings, and suggests instead the use of SNORD48 as single normalizer of miRNA expression. Our results stress the importance of testing and validating reference genes in each specific experimental and disease condition. In order to avoid the continuous emergence of divergent and contradictory conclusions in the study of miRNAs and AF, a consensus on data normalization is urged before miRNAs are further quantified using relative qPCR in human AF.
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Materials and Methods
Sample collection. Tissue samples from the right atrial appendage were excised during open cardiac surgery in 18 patients, undergoing aortic or mitral valve replacement with extracorporeal circulation at the Santa Chiara Hospital of Trento. The patients were all males, with a mean age of 70.7 ± 10.6 years (range 44-85 years). The patients were divided into two groups: patients in normal SR (n = 11, without history of AF) and patients with AF (n = 7, documented arrhythmia >6 months before surgery). Demographic and clinical details about the population are reported in Table 4 . The investigation was approved by the Ethical Committee for Clinical Experimentation of the Provincial Agency for Health Services of the Autonomous Province of Trento, and conducted according to the tenets of the Declaration of Helsinki. All patients gave written informed consent.
Sample processing and RNA isolation. Small right atrial appendage biopsies (~30-50 mg) were flash frozen in pre-chilled liquid isopentane and stored at −80 °C until RNA isolation. Each frozen tissue sample was placed in a sterile 15 ml polypropylene tube containing 1,5 ml of pre-cooled Qiazol reagent (Qiagen, Milan, Italy) and subsequently homogenized in ice by a Polytron (Omni-TH International, Kennesaw, USA) at half speed. Total RNA was extracted using miRNeasy mini kit (Qiagen, Milan, Italy) according to the manufacturer's protocol. RNA concentration and purity were assessed spectrophotometrically by Nanodrop ND-1000 (Thermo Scientific, Wilmington, DE, USA). RNA integrity was evaluated for each sample using Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA) with RNA 6000 Nano Kit. We set the RNA Integtity Number (RIN) threshold for good RNA >5, considering the higher stability of miRNAs 39, 40 . RNA aliquots were stored at −80 °C until use.
Selection of candidate reference genes. Candidate reference genes were selected based on a literature survey encompassing studies on miRNA normalization in the cardiac tissue and in the study of AF. Five reference genes of different RNA classes were identified: 5S rRNA, U6 snRNA, hsa-miR-16-5p, SNORD48 and SNORD44 snoRNAs. Specifications on the five reference genes are reported in Table 1 .
Reverse transcription. The total RNA isolated from each tissue sample was reverse-transcribed using miR- hsa-miR-499a-5p (Assay ID: 205935; batch number: 190086) were purchased from Exiqon (Vedbaek, Denmark). hsa-miR-499a-5p was analyzed to evaluate the effects of different normalization strategies on miRNA profiling. 15 assumes that reliable reference genes should display low variability and similar expression patterns. Variability is assessed by computing the SD of the reference gene C q , and genes with SD >1 are considered inadequate. Pattern similarity is evaluated by calculating Pearson's linear correlation coefficients (r) of all possible pairs of reference genes, and of the reference genes with the BestKeeper Index (BKI). This is obtained as the geometric mean of the C q values of the reference genes in each sample. Genes with low SD and high correlation coefficients are the most stable.
GeNorm 16 is based on the assumption that the expression ratio of two reference genes should be constant across samples. Gene stability is assessed computing the M-value, which is defined as the average pairwise variation of a particular reference gene with all other reference genes. Genes with the lowest M-value are the most stable. A repeated process of stepwise exclusion of the worst scoring reference gene is performed till the best pair of reference genes is identified. In addition, GeNorm computes the pairwise variation coefficient (V-value) to determine the optimal number of reference genes for a more accurate normalization. If the V-value is less or equal to a 0.15 cut-off value, it is not necessary to add further genes for normalization.
The delta-C q method 18 is based on assumptions similar to GeNorm, but pairs of reference genes are quantitatively compared in terms of the variability of their C q differences (ΔC q ) over the samples. The stability of each gene is quantified as the average SD over the pairwise comparisons with all other reference genes. Genes with the lowest average SD are the most stable.
NormFinder 17 is based on a solid mathematical model of gene expression and statistical framework, which allows to estimate not only the overall expression variation of the candidate genes, but also the variations between sample subgroups of the same set (e.g., disease vs control subjects). For each reference gene a stability value ρ is computed, which takes into account both intra-and inter-group variations. Genes with the lowest ρ-value are the most stable. In addition, NormFinder can compute an average stability value (ρ A ) for combinations of reference genes to assess if the average of these reference genes can improve stability with respect to the use of a single reference gene. In this study, the ρ A index was computed for each combination of two reference genes.
The overall performance of the reference genes was evaluated by combining the results of the four analyses 31 . Specifically, a global ranking of the genes was obtained as the geometric mean of the rankings given by each analysis.
Statistical analysis. Categorical variables were expressed as numbers or percentages. Statistical differences between categorical data were evaluated by Pearson's Chi Square test. Continuous variables were given by mean ± SD or median (IQR), depending on data normality (assessed by Lilliefors test). Consistently, statistical differences between continuous variables were evaluated by unpaired Student t-test or Wilcoxon-Mann-Whitney test. A p < 0.05 was considered statistically-significant.
